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BACKGROUND

Our proposal called for a study of selected physical properties
of CAS doped with chlorine of varying concentrations. The motivation
for this study was the observation of anomalous magnetic and electrical
properties of particular specimens that had been pressure quenched from
above the cubic to Wurtzite trgnsition, and tc determine the prerequisites
in the samples for the effects.

We outlined a program to investigate the optical-band edge dependence
and photo-conductivity as a function of chlorine concentration as related
to the magnetic effects.

To this end we purchased the photo—acoustic spectrometer as proposed,
interfaced the equipment to our optical and computer facilities and
proceeded with a systematic study which is described in detail in the
next section. )

A M.S. student, David Campbell has been supported on the project, and
his thesis on the subject is expected in the Summer of 1984. A publication
is anticipated.

Other publications of work supported by the grant, and other associated
work, are appended.

Finally, we wish to express our gratitude for the financial support of

the AFOSR in this matter.
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7‘ OPTICAL PROPERTIES OF Cl DOPED Cds

:' INTRODUCTION B
i: Our previous work on Cl doped CdS has shown the existence of large E
: diamagnetism of Meissner proportions at 77K in pressure quenched material.1 i
.3 This suggests the possibility of a high temperature superconducting state i?
3 in the NaCl-Wurtzite phases produced by pressure quenching. Since it is é;
;' known that the Cl concentration of the material affects the fraction that ?
?. remains in the NaCl structure after quenching,2 it is of importance to E
% study the effect of the Cl doping on the electronic state and other %%
o properties of the CdS crystal. It has been noted that the incorporation _?
~ Y
QS of chlorine or other halide in CdS increases the conductivity and the %
o _ 3 N
::f photosensitivity. o
3~: In order to further investigate the effect of heavily doping Cd4Ss, -
g‘ optical absorption and photoconductivity in the visible region have b;en i?
g studied for various chlorine concentrations. A shift of the apparent if
-
. absorption edge and also a shift in the peak photoresponse is evident. E?
;g Results suggest the formation of an impurity band which narrows the energy EE
¥ gap of the crystal at higher dopant concentrations. The concentration at :;
™ which the impurity band is first formed is close to the critical concentration
N
f: required for the diamagnetism.4
:i The photoconductivity of pressure quenched material was also studied
3 and both a change in energy gap and a metastable structure in the material

)
4 s

% are indicated.
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EXPERIMENTAL

Chlorine doped CAS material was received, in powder form from the

National Bureau of Standards.5 The material was precipitated by bubbling

st gas through CdC12 solution. The dopant concentrations of the materials

PR S S e

used are given in Table I. Pure CdS powders were obtained from Alpha

} Inorganic and Eagle Pitcher Companies. The powders were formed into
™~
2 small cylindrical pellets (2.5mm dia.) in a hand press.
In oxder to study the absorption of the various samples of Cl-doped
=
W

A

CdS a photoacoustic spectroscopy system was set up.

%

This allowed absorption

measurements to be made on all types of samples (powder, pressed powder,

single crystal) with no sample preparation needed.6

1 N
S
PR

The PAS system consists

l.- 4,

of a light source, monochromator, light modulator, photoacoustic cell and

s

P atish
>

signal processing components as shown in Fig. 1. The sample cell and p;e—

amplifier were purchased from Princeton Applied Research Corporation. A

PAR 5204 phase sensitive lock-in amplifier was also used. The optical
system consisted of a B&L monochromator driven by a low speed synchronous
motoxr, a four-blade rotating chopper and a guartz lens and mirror assembly.
Light was provided by either a 1000W Xenon arc or quartz halogen filament
lamp depending on the wavelength range desired. Signal output and wave-
length were recorded by computer using an Analog Devices Micromac-4000
analog to digital processor. This system allows fast, automatic collection
of absorption data.

In order to determine the relationship between chlorine content of the

samples and absorption a systematic survey of the available material was

made. Absorption data was taken in the visible region for seven samples of

e L, L
..
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ke varying dopant concentrations. No data was taken for wavelengths below =
g 500 nM because the samples all showed photoacoustic saturation at this

z point.

ﬁ Following the absorption study, photoconductivity measurements

'5 were made on the material. The apparatus used is shown in Fig. 2. The

-; sample container was constructed to shield the specimens and provide good

? electrical contacts while allowing the sémples to be changed easily. The

: optical system described for the PAS system was used here also. A constant

vz voltage was applied to the sample by a Hewlett-Packard regulated power supply

-

e and the output current measured by a Keithley current amplifier and recorded

S' by computer. The current amplifier provided gains of up to 10ll so very

%5 small signals could be detected.

Ej The samples used were all pressed powder pellets and making reliable

'ﬁi electrical contacts to these was difficult. The method used was to evaporate

5 gold onto one face of the pellet, masking it with a wire of .040 inches

B diameter so that a conduction path of constant dimensions was produced

% (See Fig. 3). Copper contact wires were then attached to the gold with

5 silver contact paint. The small copper contact wires were connected to

the leads in the sample holder. This method provided good contact but was

difficult due to the extremely fragile nature of the pellets.

As with absorption, photoconductivity data was taken on samples with a
range of dopant concentrations. Optimal results were achieved by keeping
the samples in total darkness, with 10.0 volts applied, for 24 hrs., then
scanning the visible region slowly (3.5 nM per min.).

The photoconductivity spectrum of one pressure quenched sample was
investigated. Shortly after pressure quenching the photoconductivity of

-3
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this sample was measured in the same manner as the other samples, except

the evaporation of gold onto the surface was foregone.

.

RESULTS

1. Absorption Edge

Optical absorption curves for the various materials are shown in

Figs. 4(i) to 4(xii). All curves are corrected for variation in the

incident light intensity. Absorption values are in relative units since
the absolute magnitude of the absorption depends on sample size, form and
surface conditions which were different from one another. The prominent

feature of all the curves is the absorption edge which rises steeply as

R A —
gy ) B :

wavelength decreases. The sharpness of the edge varies as did the strength

of the output signal. The wavelengths at which the absorptions occur are

noticeably shifted for different dopant concentrations. We take the

.
IS
.1
»

’.

absorption edge to be the point at which the absorption vs. wavelength

curve reaches its maximum slope with decreasing wavelength.

. A
M [ P8,

al .

We note that the knee occurs at the same chlorine concentration at

which the anomalous diamagnetic effects are observed. Figure 5 is a plot

of the position of the absorption edge vs. the dopant concentrations. The

curve shows a decrease in the photon energy at which the edge occurs with
increasing chlorine content. The shift is small at first, then increases ¢
at high concentrations.

2. Photoconductivity

Photoconductivity curves are shown in Figs. 6{i) to 6(vi). Each Cds
sample has a characteristic peak wavelength where the photocurrent reaches
a maximum value. Like the absorption spectra, these were consistently
reproducible for the samples tested. Figure 7 is a plot of the position of

-4~

-
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the photocurrent maximum vs. dopant concentration. There appear to be two

trends from this curve. Initially there is a sharp decrease in the energy

R ke M L

at which the maximum occurs, followed by a somewhat more gradual increase
which passes through a maximum at high dopant levels. (Unfortunately no

data is available for the middle range of concentration due to problems

POV SIRINNY & 1 MW TN

with sample preparation for these materials.)

We note however that again the energy of the maximum photoresponse
passes through a maximum at the same chlorine concentration at which the
anomalous diamagnetism is observed.

The photoconductivity spectrum for a sample which had been pressure
quenched was also investigated and is shown in Fig. 8. Note that this
material shows two peaks, the larger of which falls at a much lower photon
energy than any of the other samples. It is also interesting to note that
the shoulder, which peaks at 625 nM, corresponds to the peak of a sample
of similar composition which was not pressure quenched. This peak dis-
appeared with time while the large peak became sharper and moved to longer

wavelengths, as seen in Fig. 9 which shows data taken 3 months later.

DISCUSSION

1. Absorption

In a pure, perfect crystal of CdS the optical absorption spectrum should
have only one feature; a sharply defined edge at 520 nM wavelength. This
would correspond to optically excited transitions across the fundamental
energy gap of 2.4 eV. 1In real crystals there are a number of defects such
as Cd and § vacancies which result in defect states within the forbidden gap.

The effect of these states is a loss of sharpness in the absorption edge

-.5_
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caused by the existence of smaller absorption peaks near the edge which

i -

correspond to transitions to and from states within the energy gap. The

-4

incorporation of the halide impurity, Cl, creates another level of states

N
gy

in the gap which lies very near (about .05 eV) the edge of the conduction
band. The Cl impurities act as donors, each giving up an electron to the
conduction band. This excess of electrons, which is quite large in heavily
doped material, increases the conductivity and also serves to fill many of
the defect states in the gap. The filled states become negai’vely charged
giving them a large hole capture cross section and small electron capture
cross section which results in increased decay time and greater photo-
conductivity.3

In our work-it was observed that the Cl impurities also result in a
shift of the apparent absorption edge to longer wavelengths with increasing
concentration. The shift is small for dopant concentrations of up to- .72%
and is readily explained by the model described above as follows.

At room temperature many of the chlorine donor states will be ionized.
These empty states will accept electrons photoexcited from the valence band.
The energy required to promote ;uch an electron from the valence band edge
to the empty Cl impurity level is .05 eV smaller than that needed for a band
to band transition. 1Ideally an absorption peak, probably of gaussian shape
since the Cl level is not perfectly sharp, will result just below the
fundamental absorption edge due to these transitions from the valence band
into the empty chlorine donor states. The growth in height of this gaussian
absorption peak gives rise to an apparent shifting with increasing chlorine
concentration of the edge towards longer wavelengths. Figure 5 shows that

the extent of this broadening reaches .05 eV at .72% Cl, suggesting that at

-6=
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this point the absorption from the Cl states is very strong.

At a concentration of .72%, there is an abrupt change in the concentration
dependence of the apparent edge shift. We postulate that an impurity band is
formed at .72 wt.%, which will of course widen with increasing chlorine content
as the mean overlap between centers increases with decreasing distance.

It is interesting o note that the change in curvature occurs at the
same Cl concentration at which the large diamagnetism was observed, whic.
again suggests the occurrence of an unusual electronic state.

2. Photoconductivity

The spectral response of the photocurrent of a semiconductor should
closely resemble the absorption spectrum, in the ideal case where the only
transition occurring is band to band. In practice there are numerous
defect states in the energy gap as mentioned earlier. The relative
population of states not only allow other electronic transitions but also
modify the recombination processes.

For lack of sufficient evidence at the present time, we might conjecture
that the increase in energy at the maximum photo-response comes about by the
larger number of holes, formed by photo-excitation into the empty chlorine
levels, increasing the density of active recombination centers. This would
result in a.decreased lifetime of the majority negative carriers. Beyond
.80% Cl, where the impurity band is believed to have formed and overlap the
conduction band, increasing the dopant concentration broadens the band
which has the effect of narrowing the gap and consequently moving the photo-
current peak to lower energies, as shown py the last two points.

In Fig. 8 the photoconductivity spectra of doped pressure quenched
material is shown. Two peaks are evident for the quenched material, the

-P=
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'*' - smaller one appearing as a shoulder at 620 nM. This is consistent with the ]
4 »
._; known structure of the pressure quenched material, namely that after 4
N .
.‘.| o
::-:' pressure gquenching two phases are present in the CdS, the normal wurtzite -
1..1 .
~J structure and the high pressure NaCl structure. The latter, being a cubic -]
E.
, . .. ) 4
::,_. structure, will have a narrower energy gap than the original material. ;
::-: This accounts for the large peak at the long wavelength end of the spectrum. :
-.; \J
\" The smaller peak occurs at the same wavelength as that for the original a
-ff-' material and probably results from the small amount of CAS that has g
.‘;" returned to the wurtzite structure. It is interesting to note that a E
o similar experiment run at a later date produced a spectrum in which the &
» .
RS smaller peak was absent, indicating that the material is metastable as .
R . -]
o~ believed. -
- '
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ANOMAIOUS PROPERTIES OF PRESSURE QUENCHED CdS

R. K. MacCrone C. G. Homan

Materials Engineering Department Watervliet Arsenal
Rensselaer Polytechnic Institute Watervliiet, New York 12189
Troy, New York 12181

ABSTRACT

The large diamagnetism observed in pressure quenched CdS is

accompanied by other physical property changes. We here describe
some observations of the relation between dielectric constant, the
de conductivity and the microwave inductance of active samples.
These results provide further support for high temperature super-
conductivity.

The extrinsic do,.ng and defects in the active starting
material are also discussed.

INTRODUCTION

The two most well known characteristics of the :per-conducting
state are those of zero resistance and flux excluc -ua, (Meissner
diemagnetism). Ever since our first report of Meis:rer sized
diamagnetism in pressure quenched €dS (1), (2), (3) we Lave sought
t6 demonstrate zero resistance also in the pressure gquen:hed CdS
as a definitive test for the existence of superconductivity in our
specimens. This we have not been able to do because, in principle
we believe, the inhomogenity of our specimen (the specimens consist
of a retained cubic phase comprising sbout 10% by volume in a
wurzite matrix) preclude the realization of zero resistance in the
absence of percolation.

Hovever, there are observations other than zero dec resistance
measurements which together with the diamagnetism provide evidence
for the existence of an ordered state, very similar, if not
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identical, to the superconductive state. Our experimental ploy has
been to look for electrical and electro-magnetic changes at the
same temperature or at the same applied magnetic field at which the
diamagnetism disappears. Taking this latter to be indicative of
the superconductive =+ normal transition, the quantity ir question
should change in a predictable direction. In many cases, the
diamagnetic measurement has been made simultaneously on the same
specimen.

The observations we present and discuss are:
(i)"éc Capacitance and loss as & fuﬁéfion of gigiied magnetic
field at TT7K - e
K (ii) dc Resistance as a function of applied magnetic field et 77K
(iii) ac Capacitance and loss as a function of temperature at a
- constant magnetic field. - e -
These measurements were made at the same time that magnetic measure-
ments showed the disappearance of large diamagnetism.

Superconducting electrons.are purely inductive, a less well
known characteristic first pointed out by Pippatrd, and this feature
is perhaps as characteristic as the Meissner effect itself. We

[ report here observations of abrupt inductance changes in our
pressure quenched specimens brought about by increasing magnetic
fields or by increasing temperatures. These observations alone are
very suggestive of the superconducting state. In esddition, the

h values of the magnetic field and the temperature at which these
inductance changes take place are close to those at which the dia-
magnetism disappears and where correlated capacitance, loss and
resistance shifts also take place. T

All these resulis can be explained on the assumption that a
state, very similar, if not identical to the well known supercon-
ductive state, is present in our pressure gquenched samples.

N . However, the state in the pressure quenched meterial does
differ from the usual superconductive state in one important way:
reversibility of behavior on temperature or magnetic excursions is
seldom obtained. Often the effects and the diamagnetism are
observed only once, or at most, & few times in any one sample.
This aspect is different from the materials problem: thet of
obtaining suitable starting powder which will show these unusual

i behaviors on pressure quenching. We will return in deteil to these
A apsects.

A

3 EXPERIMENTAL METHODS

»

The experimental techniques of preparing samples and magnetic
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rmeasurements have been well documented in previous publications
(1,2,3), and will not be described here.

The ac dielectric response and the dc resistance were measured
in a suitable holder which enabled the magnetisation of the specimen
to be simultaneously measured as & function of both temperature and
magnetic field.

The microwave inductance measurements were carried out in a
homemade conventional spectrometer, operating in a dispersion mode
with provisions made for measuring the incident power and the reson-
ant frequency of the cavity. The derivative with respect to mag-
netic field of the reflected power was_also measured. The temper-
ature of the specimen could be varied_using_ a Helitran system.

EXPERIMENTAL RESULTS . o

(i) ac Capacitance and lLoss as a Fﬁﬁétion of Megnetic Field at

TTK.” L o e

The capacitance ard loss of a prossure quehched specimen were
measured; at the same time the magnetic susceptibility was monitored,
the specimen being in & specially comstructed holder, (details can
be found in Ref. 4). The results are shown in Fig. la,b,c.

o./

. . CdS7O L o
$ 77K “ol; K _

(0SS A4CTOrR O
~SITM (GAYSS)
9

S0 3
HOELSTED)

‘ |(#zsrrrraa] [Forrreerrrs]
VTP ETIIF

AC LESISTANCE  CAPACITANG.

t P2 [ rrvrrsrs
: -rrrassrrr)
700 2000 008 F000 J_ IR
”(OEES 7€ D) TOTAL THICKNESS OF SIrERIORCTNS SAOYS » d

Fig. la,b,c. The simultaneously measured capacitance, ac resistance,
and magnetization of a pressure quenched specimen of
¢das at TTK.
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The gross features of the observations are the diamagnetism
at low fields collapsing at magnetic fields of around 1 kOe, while
at the same time the capacitance and loss decrease gquite strongly.
Once the diamagnetism has been destroyed and the specimen driven
into the paremagnetic state (a relationship not understood)
the capacitance and 1loss become virtually independent of magnetic T>~
field.

Rather sharp.electrical changes are taking place as the dia-
magnetism disappears. If the latter-is taken as evidence for the
quenching of. super-conductivity, then the electrical changes are
the electrical manifestation of the same process. On the basis of
the morphological one dimensional sketch in the inset of Fig. 1,
simple lamellar calculations show -that— -- -

Ae _ & ”?"!gfffawwﬁ”” - R ’ -

¢ t-¢ " R e

from which the volume fraction of specimen that was superconducting
can be estimated. t values turn out to 2 - 9%. These estimates
can be compared with estimates based on the diamagnetism, whose
value is “5%. It is interesting to compere these estimates with
the volume fraction of retained cubiec NaCl phase determined metal-
lographically, which is also ~ 10%.

(ii) dc Resistance as & Function of Applied Megnetic Field at TIKLh

Similarly, dc measurements were carried out under the same con-
ditions as above, while again measuring the magnetization at the
same time.

CdS */6c
77 K

/.5L .’

1 or

1.0

A

Toe00 600 R X R T R
5705257ZZU HOELSTED)

Pigure 2

OC £ESISzTE R 1))
~d M GIUSS)
N A O

Fig. 2a,b, The simulteneocusly measured dc resistance and magneti-
zation at 77K. (Same specimen as Fig. 1.)

..............



The results ere shown in Fig. 2, which give rise to the same
orders~-of-mangitude as in (i). For further details, Ref. 4 should

be consulted.

(1ii) ac Capacitance and Loss as & Function of Temperature at Constant
Magnetic Field.

After pressure quenching and cooling down to 77K, the ac cap-
acitance and loss were measured as & function of temperature. At
the same time, the magnetization was monitored. The results are
shown in Fig. 3, and indicate that a 2nd order transition teke
Place at 210K as the specimen is warmed up. Such lambda point

22~ . 60~ -

CAPACITANCE V. TEMPERATURE
= o Cas 184
S
> " H:5 K.Oe
s S0}
o
fad
o Je
3 -
s 5
hos =
g "
-~ .g 40l
0 2
8
- <
z g
L | rara
3] 1
l’:l o Y1
* DIA.
3
Ol% =
. [ 1 [l J 2.0 1 1 ‘ J
s = m 200 20 220 100 150 200 250 -
TEMPERATURE (K) TEMPERATURE (K)

Fig. 3s,b,c. The simultaneously measured caspacitance, loss, and
magnetization of a pressure quenched Cds specimen as

a function of temperature.

behavior in the dielectric constant are characteristic of order-
disorder phase transitions (e.g., at the ferro-electric Curie
point) and structural transitions (solid-solid, solid liquid)s.
These results estiablish an order-disorder transition accompeanied
by the disappearance of large anomalous diamagnetism in the same
specimen at A200K.

We have other results pertaining to this temperature depend-
ence of the anomalous effects. In Fig. L we show the diamagnetism,

R L @8 e [ B I RN
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CdS 233 H = 10 kOe

=S enu)

~0.00

MAGNETIC MOMENT(10%*
-10.00

-20.00

:

a5 ma
TERPERATURE 1K) -

Fig. 4 The (dia-)magnetic moment of e pressure quenched specimen-
as a function of temperature.

at fixed field, as a function of temperature in one specimen, and
a series of lambda points in the dielectric response in another
sample, Fig. 5. (In these cases, simultaneous measurements were
not carried out.)

From the measurements of this section we conclude that the
anomalous diamagnetism can be destroyed with temperature (ascribed
to some electronic state akin to superconductivity) and at the
same temperature the dielectric response displays a lambda point
response (not necessarily ascribed to the electronic state itself,
but certeinly intimately involved in some way). The data of Fig.
3 indicates that each lembde implies a diamagnetic drop in the
magnetization, and vice-versa.

We note the transition temperatures T(1) = 155K, T(2) = 160K
and T(3) = 195K.

Microwave Measurements

The inductive nature of superconducting electrons was first
pointed out by Pippard, who showed that under the action of an
alternating field their motion was inductive in character, with e
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Fig. 5. The dielectric loss as a function of temperature of e -
pressure quenched specimen.

m
inductance né. The classical argument is as follows:

For a sinusoidal electrical field §§inwt, the equation of
motion is

Since J = nek, x = j/ne. Substituting in the defining
equation for inductance

Esinwt = L3
we find L = m/nez.

The inductive character of sgperconducting electrons has, for
example, been used by Muller et al® to study the onset of the super-

conductivity in small grains of sluminum separated by this oxide.
This technique is both contactless and samples the whole volume of
the sample provided the normal electricel conductivity does not
limit the penetration of the microwaves, which we believe to be
case here.
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Using electronic counters, the resonant frequency of the
cavity-and-specimen can be used as & sensitive measure of the
J inductance. For a parallel coupling of cavity and specimen, the
resonance frequency would be expected to go down as the specimen is
driven normal by increasing temperature or by increasing magnetic
* field.

(iv) Microwave Inductance Shift as & Function of Applied Magnetic
. Field at 150K.

quenched) specimen as a function of applied field at 150K. At H =
; ~ 1000 Oe there is a very marked frequency shift.. At the same time
the derivative of the power absorption was bell shaped, whose
integral, the power absorbed, is alsc shown. At the sa~e magnetic
field that the inductance of the specimen tends towards 1ree Space,

H In Fig. 6 we show the frequency 6f the cavity-and-(pressure

H : FREDQVENCY VS, FELD - T
+20 - . 2
. £,29.24740 GHz ' Cds 272
R T=150 K. x
' ’ s
; x. 3 i
X a4t
> . >
{ g 3
~ [
, 2
-
T @
! | |
2
ﬁ Fig. 6. The frequency and loss of the microwave cavity containing o)
r

a specimen of pressure quenched CdS.as a function of mag-
netic field.

. « .
B R

D R

[ Lt

the loss in the cavity increases. This latter is agein naturally
covered by the "surerconductivity" hypothesis: as the supercon-

ducting electrons go normal, the number of normal electrons, to

which the loss is due, goes up. Thus the loss in the cavity will
likewise go up. This behavior is similar to the observetions of
Muller et al. [On returning the field to zero several times, and -
sveeping up- this particular observation was repeated several times]. o)
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We note again that the magnetic field at which the transition
occurs in the experiment is close to the magnetic field at which
the changes in capacitance occur, Fig. la, and that the temperature
of measurement is slightly below T(2) = 155K.

(v) Microwave Inductance Shift as & Function of Temperature.

In Fig. T, we show the resonant frequency in zero applied
field of the cavity and specimen as & function of temperature. On
the generally decreasing background (caused by the increase in tem-
perature and consequently increasing physical dimensions of the
cavity) several sharp drops are observed, those at T = 100K and
T = 150K being the most pronounced. .These inductance changes we

FREQUENCY V. TEMPERATURE

04
o3\ f,« 9.2520 GHz - cds 275 H: 0
-~ o2
T
§ =
H ~ [+ R ]
L
* g
1, t -
-0.1p-
1 1 ]

1
100 . T 150 200 250

TEMPERATURE (K)

Fig. 7. Tne frequency of the microwave cavity containing & speci-
men of pressure Quenched CdS as & function of temperature.

again suggest are due to superconducting to normel transitions.
The temperature at which one of these sharp drops in frequency
occurs is that at which lambda point behavior in the dielectric
response is observed. This coincidence establishes a phase tran-
sition with the disappearance of inductance, escribed again to
superconducting electrons.

We were not able to detect changes in the derivative of the
power absorption here. Whatever changes took place in this com-
ponent were too small and/or spread out to be detectable in the
noise at high gain. This negative result is however very important:
using a Varian "strong pitch" sample our spectrometer gives a very
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large signal of the derivative, but we can detect no frequency
shift of the cavity. If some sort of magnetic resonance effect
were involved, an observeble frequency shift implies an even more
easily observable derivative signal. Thus we believe no resonance
phenomena are associated with the frequency shifts, and that their
origin is due rather to superconducting electrons.

EVIDENCE FOR SUPERCONDUCTIVITY I e
In summary, our ev1dence for superconductzvity, on some other
but similar state, is based on the following series of observations:

a) large diamagnetism of Meissner proportions whlch can be quenched
by an increasing magnetic field.or by.increasing temperature.

b) at the magretic field that quenching.occurs.of the diamagnetism,
ac and dc transport measurements.-on the same specimen indicate
that scme regions of the specimen become very-much more
resistive. One such possibility is, of course, from zero to
some finite value. ——— e e

¢) a large microwave inductance (not of paramagnetic origin) which
can be quenched by an increasing magnetic field or by increas-
ing temperature.

d) at the magnetic field that quenching occurs of the microwave
inductance (the specimen inductance shifts toward that of free
space) the microwave loss increases. This is compatible with
superconducting regions inthe specimen going normal. Any
increase in resistance from & finite value will decrease the
loss, our suggestion is that the increased loss arises from an
increased number of normel electrons.

e) capacitive lambda points, indicating, we believe, structural
second order phase transitions at the same temperatu~es that
the anomalously large diamagnetism disappears and microwave
inductance shifts towards free space take place. Both the
latter are properties of superconducting electrons, while the
former establishes that a order-disorder phase transition of
some sort is involved.

STARTING MATERIAL

This whole subject has been plagued by two very severe problems.
One is the "transient" nature of the supposed superconducting
effects, which we believe arise from the fact that they occur in a
metastable phase, and some indications of the irreversible transi-
tion temperatures of this phase may be obtained from Figs. 3, 4
and 5.

The other difficulty concerns the preparstion of suitable
starting material. In this connection we show Fig. 8 reproduced
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Fig. 8. The absolute susceptibility observed as a function of
chlorine concentration of pressure quenched Cds.

from an extensive discussion of this su‘bject.7 This diagram shows
the magnetization, regardless of sign, of all our specimens to _
date as a function of chlorine concentration. As can be seen,
there is only & very narrow window of material, with chlorine con-
tent centered around 0.7 wt%, in which the phenomena in question
are observed to take place after pressure quenching. Unless the
chlorine concentration is within this relatively narrow range,

no anomalous behavior will be observed, and this explains why our
data has not been reproduced at this time. We note that obtaining
the datea of Fig. 8 has been no trivial matter, and thet the pro-
duction of starting material of suitabdle chlorine content even
less s0. The details are given in Ref. T.
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Magnetic behavior of pressure-quenched CdS containing Cl
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R. K. MacCrone
Rensselaer Polytechnic Institute, Troy, New York 12181
(Received 2 May 1983)

Pressure-quenched CdS containing Cl has been shown previously to exhibit both very large
diamagnetism and paramagnetism. The diamagnetism observed at 77 K approached Meissner pro-
portion and suggested superconductinglike behavior in this material. The effect is known to depend
sensitively on the Cl content of the starting material. This paper describes the results of a survey of
the magnetic behavior of pressure-quenched samples prepared from CdS systematically doped with
increasing amounts of Cl. The Ci-doped material was prepared in a variety of ways: from mixtures
of CdS and CdCl,, by precipitation from aqueous solution, and by acid doping. The differently
doped starting materials were analyzed for Cl and other impurities before being pressure quenched.
The magnetic susceptibilities were subsequently measured. The results of the survey indicate that
the concentration of Cl required to produce specimens with anomalously large magnetism is

S S T A

1. INTRODUCTION

¥ Recently, dc flux exclusion approaching Meissner pro-
Ptions in pressure-quenched CdS materials at 77 K has
b reported.’ Corroboration of these results has been
Bovided by the work of Nam et al., who found strong ac

netism in several samples of CdS materials that
also been rapidly pressure quenched.? Cuprous
Shloride has also displayed similar diamagnetism after be-
ay mbjejcted to rapid temperature variations while under

“Several theoretical models have been proposed to ex-
in this anomalous diamagnetic behavior including sur-
A superconductivity,* pairing of holes in semiconduct-
! finite-momentum pair binding in a one-dimensional
& Wstem,’ and an excitonic mechanism for superconductivi-
Y related to the presence of impurities.®
E In the magnetically active CdS materials, it was also
d that anomalous and very large paramagnetism oc-
d in some of the pressure-quenched samples.” The

% the ac and dc electrical conductivity with the loss of
 exclusion, which supports the claim of some form of
ctive behavior in such materials.*® Both the
malous diamagnetism and paramagnetism were found
hbe metastable.’" The magnetically activ: samples had a
phology of lenticular platelets embedded in a
trystalline matrix'' and contained a mixture of wurt-
(Greenockite), zinc-blende (Hawleyite), and NaCl
structures. The magnetic effects were also found

™ i L o
* .d?endem on sample material origin and chemis

[

all the previous work published by the present au-

t recent work describes the simultaneous decrease of

0.75+0.10 wt. %. The technique for the preparation of such material is described.

thors, these unusual electrical and magnetic properties
were observed in samples made from a single lot of com-
mercial high-purity CdS powders obtained from Alpha
Inorganic (Al) and only after rapid pressure quenching
(greater than 10° bar/sec) from above the well-known
wurtzite-to-NaCl phase transition at ambient tempera-
tures.'? These anomalous phenomena were never observed
in samples made from any source other than the particu-
lar lot from AI or in any samples which were slow
quenched from above the high-pressure transition.

It is thus clear that the anomalous behavior depends on
both the sample chemistry and pressurization parameters.
Here we describe our investigation of the chemistry of the
as-received materials used in the previous work and identi-
fy the critical chemistry involved in the phenomena. This
chemistry was determined by the correlation of the electri-
cal and magnetic properties with the sample impurities
and dopants of both as-received and -prepared materials.
We will also describe material-preparation techniques
which provide samples which gave similar anomalous re-
sults after pressure quenching. Other physical properties
which depend on the sample chemistry, as well as the re-
sulting morphology, are described.

The implications of these material studies will be dis-
cussed. A tentative model relating to metastable phase
decomposition (NaCl phase) will be suggested to explain
the correlation between sample chemistry and morpholog-
ical behavior after various pressure treatments.

I1. CHEMICAL ANALYSIS OF AS-RECEIVED
CdS MATERIALS

Since a qualitative analysis of the magnetically active
Al and nonactive Eagle Picher (EP) materials by a spark-

5041 Work of the U. S. Government
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emission technique did not show any appreciable differ-
ence in the metallic impurity spectrum,'® a more
comprehensive chemical analysis was performed by the
National Bureau of Standards (NBS) on these materials
and on other magnetically nonactive sample materials.
Initially, a qualitative evaluation by x-ray fluorescence II1. PREPARATION OF CI-DOPED CdS

(XRF) was made using both energy- and wavelength- MATERIALS :
dispersive spectrometers. This technique has detection . . g
limits of the order of 1—10 ppm for all elements Z> 1. In view of the above results, a variety of preparation 1

analysis. This conclusion was supported by the fact thy -
samples containing Si introduced by either means did ng
show magnetic anomalies when the Cl content differeg
significantly from the Al material.
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Trace elements Cl, K, Fe, Cu, Zn, and Ge were detected
near the limit of detection by XRF in the magnetically ac-
tive Al material suggesting that impurity levels were of
the order of 10 ppm.!

Both pressed starting pellets and pressure-quenched
samples of the various as-received materials were further
analyzed by electron-probe microanalysis with dispersive
x-ray spectrometry (EDS). In general, this technique is
sensitive to all elements Z > 11 with a limit of detection of
the order of 0.1 wt. % and a sampling depth of about 1
um. Five samples were examined on the outer surfaces or
on freshly exposed fracture surfaces using the NBS
theoretical-matrix frame-P procedure for rough surfaces.'?
Frame P is believed to have an error distribution within
20% relative.

Six pressure-quenched samples (three each from the Al
and EP material) were metallographically cross-sectioned
" and analyzed, corresponding to interior and near-surface
regions of the samples. Quantitative analysis of these
samples were made using NBS frame-C procedures.'
Frame-C procedures yield an error distribution such that
95% of all samples fall within 5% relative to the amount
present on metallographically polished surfaces.

The metallographically mounted samples were further
analyzed by an ion-microrrobe analysis (IMA). This
analytical technique has very high sensitivity (typically 1
ppm) for all elements of the Periodic Table.

The result of these extensive analyses were that the
magnetically active Al stanting powder had substantial
levels of Cl impurities in addition to the trace metallic im-
purities reported earlier.’ The quantitative analyses by
EDS and IMA technique revealed that the CI levels in
pressure-treated and magnetically active Al materials was
about 1.0 wt. % and that the C. was distributed nonuni-
formly within the samples. The nonactive materials, espe-

techniques were used in an attempt to make suitable M -
doped matcnals. Earlier differential scanning calorimetry {3 .

(DSC) results had sugg=<ted that the active Al matenal .
had been prepared by a precipitation technique.

A. Mixtures of CdS and CdCl, powders

Pure CdS powders (EP) were mixed with reagent-grade |
CdCl, powders to yield nominal Cl contents of about 1.0,
1.5, and 2.0 wt. % of the mixture. The thermal properties
of these materials, both in the as-prepared and in the as-
quenched condition were measured by the DSC technique
described elsewhere.!® The only peaks observed were the -
dehydration peak at 100°C from the hydrated CdCl, %
powder and the eutectic melting peak at 535°C of the
mixture suggesting that the NaCl high-pressure phase was
not retained after pressure quenching. None of these ma-
terials exhibited anomalous magnetism after pressure §
quenching.

B. Precipitation reaction

The standard procedure of producing CdS materials by :

precipitation from a hydrous CdCl, solution using H:S 3

gas was used. Small batches ( ~100 ml) of CdCl, solu-
tions with starting molarities in the range 0.1—1.0M with
respect to Cl were prepared. These solutions had the
natural pH of solution. Precipitation of CdS materials
from these solutions at ambient temperatures occurred
when the insoluble CdS precipitated as H,S gas was slow-
ly bubbled through the solution. The CdS precipitate con-
tained between 0.5 and 4.11 wt.% Cl varying roughly
with the molarity of the starting solution. The nominal
Cl and S contents were determined by an ion-
chrumatography method developed by NBS.'® Ultrasoni-
cally washing the precipitate in distilled water revealed

Lty ety e

-+ 3
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that roughly half of the Cl content was easily removed.

cially the EP material, showed no detectable Cl contam- > R
The remaining Cl is probably incorporated in the CdS lat- >

have been introduced by either exposure to the pyrophyl-  aqueous solutions of CdCl; was made using equilib.rill“.‘
lite gaskets used in pressurizing the samples or from the  constants (K;) in the following set of competing reactions:
silicone grease used to mount the samples for the magnet- K, R -
ic measurements after pressurization before chemical Cd?* +Cl"=CdCl*, K,=21.0 (1) S $1‘

R ination within the combined sensitivities of the EDS and ! -
-.: IMA techniques. This analysis shows that Cl levels, if  tice. -
N present, were below 0.01 wt. % in the nonmagnetic ma- Both pellets and pressure-quenched samples made from .
¢ terials such as the EP materials. these materials were studied by DSC and their behavio’ 3§ >
b | Si was also detected in the pressvie quenched samples ~ Was sil}nsilar to the behavior of the Al material report ‘
, L from both Al and EP materials. The EDS technique indi-  carlier. o o e g
X O cated that Si was also distributed nonhomogeneously in Some variability in Cl conent within each precipit?’® g o}
b the samples with an average level of 0.15 wi. % in the Al  aliquot occurred suggesting that critical chemical param¢ E PN
N 1 materials and 0.05 wi. % in the EP materials. Since Si 1€, such as the decrease in molarity as the reactith (g -]
A 1 was not detected in the as-received powders from these ~ proceeds, were affecting the Cl content of these balcll’ S sy
O !s sources, we concluded that the Cl impurity contamination ~ Produced matenials. o , - ne 2B &
‘ 2 was critical in producing the magnetic anomalies. Si may An analysis of the various ionic species present in  Sou
-
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_2_3_ MAGNETIC BEHAVIOR OF PRESSURE-QUENCHED CdS CONTAINING Ci 5043
i‘ - K cally active Al starting powders.'* Pressure-quenched

Cd™™ +2C17=CdCl,, K,=166.0 ) samples of the precipitated powders containing Cl> 0.7
% K, wt. % exhibited the exothermic peak associated with the
¥ Cd*+3C1"=CdCl;~, K;=204.0 (3) transformation of the metastable NaCl high-pressure
i‘ K, phase. Pressure-quenched samples made from powders
3 Cd¥* +4C1-=2CdCL2", K, =7.15 (4)  containing less than 0.7 wt. % C] showed a retained NaCl

which can be expressed in the generalized form

KI
§ Cd** +nCl =CdCl,'~ "+, K,, n=1,2,34. (5
§’ The fraction a, of a particular equilibrium species present
¥ in solution can be given as

_leda,]

Ap = C =K, [Cl™ J"a, ,
£ where
Cd+2
ao— C »

and C is the total concentration of cadmium-containing
species. Given the initial Cd*2 and Cd~ concentration,
" the equations can be solved for a,. The results for vari-
ous CdCl, molarities are shown in Fig. 1. The wide varia-
tion in the different ion species especially in the region of
molarity below 0.5M where the magnetically active Al
materials were produced is quite apparent. It is not clear
which ion or combination of these ions produces the
necessary complex in the precipitate which yield
. anomalous magnetism after pressure quenching.

A preliminary examination of the precipitated materials
by transmission-electron-microscopy (TEM) and smali-
angie x-ray-scattering techniques showed the presence of
small spherical crystallites (diam. ~ 50 A) in the precipi-
tated powders in good agreement with the results of Sato,
Itoh, and Yamashita.!’

Examination of these materials by DSC show only the
eutectic melting peak associated with a mixture of CdCl,
and CdS, indicating that the initial complex compound
decomposed to a simpie mixture upon heating; no dehy-
dration peak was observed, which indicates that the as-
precipitated powders are not a simple mixture of CdS and
CdCl;. These results were also obtained on the magneti-
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FIG. 1. Variation of 1onic species present in aqueous solution
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phase in addition to the wurtzite and zinc-blende phases
by both x-ray examination and optical evidence of small
platelets. The magnetic behavior of pressure-quenched
samples of these materials are shown in Fig. 2 and will be
discussed subsequently.

IV. ACID-DOPING TECHNIQUE

Samples of pure CdS were stirred and heated with vari-
ous HCI and NaCl solutions to determine whether Cl1~
could be incorporated directly into the CdS lattice. This
technique produced CdS materials containing Cl levels of
about 0.1 wt.%. Again about 50% of the Cl content
could be removed by ultrasonically washing the powders
in distilled water. It was not possible to obtain Cl con-
tents above 0.2 wt. % by this technique.

DSC analysis of the acid-leached samples revealed no
cutectic melting peak at 535°C in the precipitate powders
and a broad weak exotherm centered around 350°C in
pressure-quenched samples. This indicates retention of
only a small quantity of the zinc-blende phase, charac-
teristic of very pure CdS.!* Metallographic examination
of the samples revealed a small fraction of platelets after
quenching, which suggests a retained NaCl phase in these
samples which was below the sensitivity of the DSC tech-
nique.

The magnetic behavior of pressure-quenched samples
made from these materials are shown in Fig. 2 and are
discussed subsequently.
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FIG. 2. Mean value of the absolute magnetic volume suscep-
tibility from each sample lot is plotted as a function of the nomi-
nal C] content of the lot. Solid symbols represent the mean
value determined from 10 or more observations on a particular
sample lot as tabulated in Table I. Of the 115 observations
represented in this figure, all but nine measurements which were
measured at liquid-He temperatures in either the SQUID or ac
magnetometers; the rest were measured at liquid-N, tempera-
tures.
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FIG. 3. Schematic of the sample chamber of the VSM. A
Helitran cryogenic cooling system was used to provide the
liquid-N, measurement temperatures.

V. MAGNETIC MEASUREMENTS

The dc magnetization as a function of magnetic field
was determined by either a vibrating-sample magnetome-
ter (VSM) or a superconducting quantum interference de-
vice (SQUID) magnetometer. The ac susceptibility was
determined using the Hartshorn bridge described earlier. !

The VSM measurements reported here were made in a
variety of sample chamber configurations. The configura-
tion shown in Fig. 3 was used for more than half the sam-
ples tested. A modification of this basic design was used
to measure the simultaneous changes in electrical conduc-
tion and magnetic moment of 17 samples reported else-
where.®% In all sample configurations, the magnetic mo-
ment was measured using field sweeps below 100 Oe/min
and no systematic errors were observed.

The first nine samples measured in the VSM were
mounted in a Teflon sample hclder which placed the sam-
ples in a random orientation with respect to field. This
random orientation was fixed for each measurement, how-
ever. Sample CdS No. 51, which was measured in the
Teflon sample holder, was examined for field-orientation
effects. At high field (greater than 1000 Oe) this sample
exhibited large paramagnetism. By rotating the VSM vi-
brator about the axis of the sample rod we observed a
large but reproducible variation in magnetic moment at

. e

~ field with plane of the disc samples. Therefore, all subse-
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FIG. 4. Schematic of SQUID magnetometer used at liquid- =
He temperatures. Typical signal generated as the sample is .~

drawn through the sense coils is shown at right.

constant field. A cursory examination of our sample

geometry suggested that the maximum moment occurred *-

when the field was oriented in the plane of the sample.
All subsequent sample holders were designed to align the

, quent samples were measured in this manner.

The SQUID magnetometer shown schematically in Fig.

3 allowed the magnitude and sign of the magnetic mo- .’
ment to be determined in fields up to 60 kOe at liquid-He '

temperatures. Both the SQUID and VSM systems were ..
periodically calibrated using Ni and CuSo, 5H,0 as stan- *-
dards. The ac bridge was calibrated using the supercon- ..

ducting transition in a Pb sample. The diamagnetic sus-
ceptibilities were determined from either the slope of the

measured M-vs-H curves from the VSM or by direct com- |

parison with known standards in the SQUID and ac mag-
netometers.
For those samples exhibiting paramagnetism in the

VSM, the generally small region of low field where the &

samples were diamagnetic was neglected and the suscepti-

bility was determined by forcing the intercept of the slope *
to pass through the origin of the M-vs-H plot. In a few .
cases where this analytic technique could lead to serious *

error in determining X, i.e.,, when the diamagnetism per-

sisted to above 100 Oe before becoming paramagnetic, the .

actual slope of the M-vs-H plot was calculated. Six such

samples were of the latter type and are included in Tablc | )
with both their diamagnetic and paramagnetic susceptibil- |

ities. The remaining paramagnetic samples had diamag-
netic regions of such small extent that it was not possible
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MAGNETIC BEHAVIOR OF PRESSURE-QUENCHED CdS CONTAINING Cl 5045 :
TABLE 1. Diamagnetic and paramagnetic susceptibilities of pressure-quenched Cds. containing Cl samples. ;
ample lot Materia! Cl Method of Number of
no. source (wt. %) preparation "Y | mean vDia™* YPara™* observations
1 Eagle Picher (EP) 0 na. <1Ox 10"} 3 -
2 Alpha Inorganic (AD? 0 na. <1.0x107° 2
3 NBS 21A 004  acid doped <1.0x107° 3 —
4 NBS 23 0.10 acid doped <20x107® —20x10"¢ | :.
5 NBS 21 0.13 acid doped <1.0x10™¢ 2 L
6 NBS 22 0.14 acid doped 1.4x10°° -5.0x10"° 10
7 NBS 26 0.16  acid doped 53x107%  —~1.6x107* 4 =
8 NBS 25 0.20 acid doped <1.0x107% 1
9 NBS 28 020  acid doped 10%X10~*  —1.0x10~¢ 2 e
10 NBS 31B 0.50 precipitation  <1.0x107% 1 i
n NBS 5 0.68 precipitation  <1.0x107° i '
12 NBS 8 0.72 precipitation 2.2x107¢ ~ 16107} 14 )
- 13 AP 0.72 na. 24x107%  —40x107% 4 14x107° 51
14 NBS 1 0.83 precipitation 79%107* ~7.9x10~3 11 N
- 15 NBS 2 0.83 precipitation < 1.0x 107} 2 <.
16 NBS 17 0.93 precipitation < 1.0x 10~} 1 £
17 NBS 31C 1.2 precipitation < 1.0x 1073 1 »
18 NBS 12 2.8 precipitation < 1.0X 1073 3 e
- 19 NBS 20F.5-2 35 precipitation  <1.0x 10~} 1 L
, 20 NBS 11 39 precipitation  <1.0x10~% 1

\I stock number 20130, lot number 06277,
ZAI stock number 20130, lot number 033072,

determine their diamagnetic susceptibilities.
The average absolute volume susceptibilities of
ure-quenched samples from each sample Iot were
. determined and tabulated in Table I together with source
ldexmﬁcatlon, C1 content, preparation technique, the max-
: unum diamagnetic and paramagnetic susceptibilities ob-
‘served, and the numbser of observed points.
* Not included in this tabulation are the results for an ad-
ditional 20 samples, which were either starting pellet sam-
ples, samples which had been slowly depressurized (less
than 10° bar/sec) from above the NaCl transition pressure,
or samples which had been rapidly quenched from below
this transition. These samples were made from various
Cl-containing materials described above and none exhibit-
ed any detectable anomalous susceptibility in the SQUID
or VSM systems.
*  Only pressure-quenched samples from the Al source
~ containing 0.72 wt.% Cl exhibited both diamagnetism
- and paramagnetism. The IMA showed that the paramag-
4 netic and ferromagnetic impurity elements in this material
were below 20 ppm by weight and cannot account for the
large paramagnetic susceptibilities observed here. In addi-
. tion, the detailed behavior of the paramagnetism ob-
¥ served”!® precludes the possibility of sample contamina-
tion as being the cause of this anomalous behavior. Of the
51 measurements made on this material we observed
anomalous paramagnetism 16 times.

The mean value of | X, | for each sample material lot is
plotted as a function of C] content in Fig. 2. The curve
shown is a reasonable fit 10 these values neglecting the sin-
gle point at 0.16 wt.% Cl whose value was 5.3 103
G/Oe. The data shown in Fig. 2 was obtained from 115
observations on 109 different samples. The nominal Ci

AAAAI.L-AAJ‘-

content is the average Cl determined from several analyses
of each sample material lot. The Cl uncertainty was ap-
proximately 10% relative in the acid-doped material and
approximately 20% relative in the precipitated material.

The mean diamagnetic susceptibility of all observations
on sample materials, excluding the magnetically active
NBS 1 (sample 14), NBS 8 (sample 12), and Al Lot-
033072 (sample 13) materials, was calculated. A mean
diamagnetic volume susceptibility of the order of 1x 10~
G/0e was determined using 39 data points which is in
good agreement with the volume susceptibility calculated
from handbook values of the diamagnetic susceptibility
and the mass ( ~ 15 mg) of the samples.

V1. PLATELET VOLUME MEASUREMENTS

Quantitative metallography often serves as a sensitive
guide to the physical processes that material specimens
have undergone and is an especially useful adjunct tech-
nique in studying the morphology of samples of different
chemical compositions which may have a profound effect
on the physical behavior observed.

Fast- and slow-quenched EP samples appeared 1o be
nearly 100% wurtzite phase after quenching. The small
amount of zinc-blende phase reported earlier in the x-ray
and DSC analysis'* could not be distinguished by this
technique. In both cases, the crystallites were pancake
shaped with the axis of rotational symmetry along the
load axis. The diameter of the crystallites after fast
guenching was about 70 ym and the thickness was about
20 um. After slow quenching these values became 120
and 30 um, respectively. It is important to note that over
4 orders of magnitude, change in the depressurization rate
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(i) The platelets of NaCl structure observed in samples

anomalous behavior may be caused by some criti
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] ,‘ g fraction of platelets determined in similar samples. Boy, ° .“
1§ N o sets of measurements correlated with the nominal Cl ¢op. 3 -
Th 3" T tent. S
o { - N ° - ':
-~ Bl H * s VII. DISCUSSION OF EXPERIMENTAL o
d B o )/ RESULTS 2
" 1 t : ’ "4
4 ik “ el / Several interesting results are apparent from an exam. ¥ - '
o ! ! 3 ,/ ination of these data. - .
': : [ z: 0.2 7 (i) The largest diamagnetism exceeded the largesy 3
':; & 3 | = J par~magnetism observed by about an order of magnitude - Ry
1118 ! -t = rr . for the Al material containing 0.72 wt. % Cl. - -
| B i ’ ) (ii) The large scatter of susceptibilities observed for CdS ! L}
n ] 1 ERE WEIGNT PERCENT CHCLORINE (NOMINAL) materials having 0.7 <Cl<0.83 wt.%. If one conserva- W ./
v Tf! N FIG. 5. Volume fraction of NaCl phase (platelets) retained  tively defines anomalous magnetic behavior when 1
~ &8 after pressure quenching is plotted as a function of the nominal X ample > 10X jierarures then the reproducibility of obtaining - i
< IR Cl content. anomalous behavior was about 57% for this group. A 3
: f somewhat lower “success” rate was obtained in sample S - "
| material prepared by techniques described in this paper -3 ;
0 T TR produced little effect on the grain size observed. (al:ggt iS%;Ithan ll’: the ‘a,sirecewled‘Alhmatcljl?‘l. h :
e LR In the AI samples, both the retained NaCl phase (plate- . i) £ not elr rather su ; e result is that, with the excep- j
- BRI lets) and wurtzite (and zinc-blende) matrix-phase grain  UOn Of a single sample of CdS containing 0.16 wt. % C1, 3
S RE size appeared bimodal, and had similar distributions. which was prepared by the acid-doping technique, all
n . Both phases were composed of a mixture of equiaxed tpagnetncally active samples were prepared by precipita- 4
L crystallites 10—50 um in diameter and platelets 100—300 tion from an aqueous bath and had a nominal Cl content
ol E i pm in diameter and 15—30 um in thickness oriented bet‘:eél" 0f7 and.0.83 v;t.%. (The role o)f Si in conjunction 4
o s . h wi , if any, is not known at present. :
S B roughly perpendicular to the load axis. Fast-quenched (iv) We have not observed los':lss electrical conduction
- i and slow-quenched samples were very similar in appear- .
s BE ance. in any of our samples.
ME & The above results suggested an influence of the speci-
g ' men comp<_>sitioq on the postqueqch mor"plgology. Micro- VIII. DISCUSSION
o R structural investigation over a wide variation of Cl con-
3 tents confirmed this suspicion. The volume fraction of These results show that the conditions under which the
1 NaCl phase (platelet) retained and the microstructural  anomalous electrical and magnetic behavior may occur are
X : features observed seems to vary continuously with the CI  the rapid pressure quenching (greater than 10° bar/sec)
3 L level of the starting material as shown in Fig. 5. from above the wurtzite-to-NaCl phase-transition pressure
: The internal structure of the NaCl phase (platelets) were  in CdS samples doped with Cl to levels in the range of
r! studied using optical microscopy and surface-electron-  0.75+0.1 wt. %.
' microscopy (SEM) techniques. No discernable micro- The results also show that there is considerable scatter
j structure was observed in the platelets to within the reso-  in the measured susceptibilities in this range. The many
2 lution of these techniques. The plateiets showed little op-  possible parameters that could generate this scatter are el
';."' tical rotation in polarized light and were harder than the  ther uncontrollable or uncontrolled under present experi- {
< polycrystalline matrix material. Transverse cracks were  mental conditions. The former category includes the pos- ¢
generally observed in the platelets which often terminated  sibility of critical ranges in the minor constituents of oufr ¢,
e i at the interface between the platelets and matrix material.  material (~10 ppm) and quenching defects. The latter
) X The latter result is interpreted as evidence of the brittle  category includes the ambient conditions of the material-
X S B nature of the platelets and results from the large volume  preparation process, chemical variability of the Cl impuri-
" i X change which occurs in the NaCl-to-wurtzite transition ty in samples prepared from the same lot, elapsed time be-
X i upon depressurization. tween the pressure treatment and magnetic measurement,
,i i Although crystal structure determination of the plate-  sample surface contamination with Si from the pyrophyl-  ‘Jd
) .4 lets was not made directly on those samples having less  lite gaskets (although the results of Nam et al.? would 3
K <. than 20 vol % of platelets, it can be deduced that the seem to obviate this possibility), etc. 3
e ; platelets are of the retained NaCl high-pressure crystal The metastability of the measured susceptibilities'™
2 ' structure. This deduction is based on the following facts:  and their variability described above suggests that this

highly doped with Cl, where the platelet volume fraction
is greater th-.1 90 vol %, were similar in character to the
platelets observed in the lower-Cl-content material, and (ii)
the qualitative estimate of the amount of quenched-in
NaCl phase determined from ooth the DSC and x-ray
measurements were in good agreement with the volume
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structural or chemical phenomena.

To examine the nature of such a critical phenomena, let
us speculate on the interelationship of the quenching pro-
cess and sample chemistry. The quenched-in platelets
(presumably the retained NaCl phase) appear featureless
under SEM examination to a resolution of about 10* A.
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The existence of these platelets are not the necessary and
icient conditions for the anomalous behavior since
Loy exist in samples which never showed the anomalous
mvnor and remain in samples in which the anomalous
; vior has decayed to below the detection limits of the
magnetometers. Also, we can accomplish nearly complete
- recovery of the NaCl phase in samples with a Cl content
“larger than 2.8 wt. % without pressure quenching. None
of the latter samples together with fast-quenched samples
“from the same group ever showed detectable anomalous
?mgnc?ic behavior.
3 We cousider therefore a metastable decomposition of
sthe high-pressure NaCl phase. This decomposition is
gnrongly dependent on quenching statistics within a nar-
yrow range of sample chemistry. The metastability, as
& determined from electrical and magnetic measurements,
been shown to depend on annealing conditions.!! We
unable 10 determine any structural change in the char-
acter of the platelets (NaCl phase) to the limit of the reso-
lution of the SEM; thus such a decomposition may in-
volve the motion of a mobile specie, e.g., Cl in interstitial

Ed

-~ Gibbs'® separated into two categories the infinitesimal
changes to which a metastable phase (e.g., NaCl phase)
must be resistant. One is a change that is infinitesimal in
degree but large in extent, as exemplified by a small com-
: positional fluctuation spread over a large volume. Cahn'®
e has shown that the early stages of such a decomposition
s(spmodal decomposition) in a solid proceed in a continu-
éous and coherent manner such that detection is usually ac-
#eomphshed by observing the resultant periodic elastic
stmn effects on physical properties. To expenmental]y
study such a process, one would require techniques sensi-
uve to unusual electronic distribution and behavior, since
“ We recognize that the anomalous effects reported here
.. must ultimately be related to such electronic tehavior,
*. whatever the underlying physical structure.
.+ Of course other models for such phenomena exist.2—$
., Only further experimental tests will determine which, if

i
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any, of these models apply or if a new collective
phenomenon is occurring in these samples.

IX. CONCLUSION

The anomalous electrical and magnetic properties occur
in CdS samples which have been heavily doped with Cl to
levels of 0.7520.1 wi. % after pressure quenching from
above the high-pressure phase transition at rates in excess
of 10° bar/sec.

The material which may exhibit these anomalous phe-
nomena can be prepared by precipitation from a Cl-
containing bath if the resultant C] concentration is within
the range above.

The active material is not a simple mixture of CdS and
CdCl;, but rather a material containing (a) CdS,;C);_,
complex(es). The particular complex(es) has (have) not
been identified nor has (have) the structure(s) of the
complex(es) been determined in the anomalous samples at
present.
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